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Nonmesonic decays of Λ in nuclear medium and light hypernuclei are studied by using the
ΛN → NN weak transition potential derived from the meson exchange mechanism and
the direct quark mechanism. The long range part of the transition potential is described
by exchanges of the pseudoscalar mesons (pi, K, η), while the vector mesons (ρ, ω, K∗)
may be considered as the medium- and short-range part in the meson exchange picture.
We propose the direct quark transition potential as the short range part, which is derived
from the matrix elements of the ∆S = 1 effective weak Hamiltonian in the two baryon
states. The results indicate that the direct quark contribution is significantly large and
its behavior is qualitatively different from the vector meson exchanges. We also find
that the decay rate is sensitive to the choice of form factor and that a soft cutoff must
be used for the pion-baryon verteces so that the strong tensor transition is suppressed.
We find that the pi +K +DQ results are compatible with experiment although the n/p
ratio is still too large. The pi+ decays of light hypernuclei are related to the ∆I = 3/2
amplitudes of the nonmesonic decay. The role of chiral symmetry for the pionic decays
are discussed.
1 Introduction
Mesonic decays of Λ are suppressed in heavy hypernuclei by the Pauli exclusion
principle of the outgoing nucleon and instead nucleon induced decays become dom-
inant,
Λ + p → n+ p : proton induced decay (1)
Λ + n → n+ n : neutron induced decay (2)
Such a process is regarded as a weak ∆S = 1 reaction of two baryons, which is
analogous to the weak NN interaction. While the weak NN interaction is masked
by the strong interaction, the ΛN → NN transition provides us with a unique
opportunity to study the mechanism of the baryon-baryon weak interaction. Many
theoretical and experimental studies have been done for the nonmesonic decays of
light and heavy hypernuclei. Yet mechanisms of the nonmesonic weak decay are
not clear, especially as the predicted proton-induced decay rates are too large and
consequently the n/p ratio, the ratio of the neutron-induced decay rate, Γn, to the
proton-induced one, Γp, is too small compared with the observed value.
A conventional picture of ΛN → NN process is the one-pion exchange, where
ΛNπ vertex is induced by the weak interaction.1,2 In ΛN → NN , the relative
aPresent address: Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-
8551 Japan.
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momentum of the final state nucleon is about 400 MeV/c, or (0.5 fm)−1. The
nucleon-nucleon interaction at this momentum is dominated by the short-range
repulsion due to heavy meson exchanges and/or to quark exchanges between the
nucleons.3 It is therefore expected that the short-distance interactions will play
significant roles in the two-body weak decay as well. Exchanges of K, ρ, ω, K∗
mesons and also correlated two pions have been studied,4,5,6,7 and it is found that
the kaon exchange is significant, while the other mesons contribute less.6
Several studies have been made on effects of quark substructure.8,9,10 In our
recent analyses,10,11,12 we employ a ∆S = 1 effective weak hamiltonian, which
consists of various four quark weak verteces derived in the renormalization group
approach to include QCD corrections to the su → ud transition mediated by the
W boson.13 Such an effective weak hamiltonian has been applied to the decays of
kaons and hyperons with considerable success.14 Our aim is to explain the short
range part of the weak baryonic interaction by using the same interaction so that
we are able to confirm the consistency between the free hyperon decays and decays
of hypernuclei.
We proposed to evaluate the effective hamiltonian in the six-quark wave func-
tions of the two baryon systems and derived the “direct quark” (DQ) weak transition
potential for ΛN → NN .10,11 Our analysis shows that the direct quark contribution
largely improves the discrepancy between the meson-exchange theory and experi-
mental data for the n/p ratios. It is also found that the ∆I = 3/2 component of the
effective hamiltonian gives a sizable contribution to J = 0 transition amplitudes,9
although we cannot determine the ∆I = 3/2 amplitudes unambiguously from the
present experimental data.
2 Direct quark mechanism
In our recent papers,10,11,12 we derived the ΛN → NN transition potentials in the
direct quark (DQ) mechanism. The transition potential is calculated by evaluating
the effective hamiltonian in the nonrelativistic valence quark model.10 The valence
quark wave function of two baryon system is taken from the quark cluster model,
which takes into account the antisymmetrization among the quarks. Then the ob-
tained transition potential has been applied to the weak decay of light hypernuclei.
In ref10, the DQ transition potential is calculated for all the two-body channels
with the initial ΛN(ℓ = 0) and the final NN(ℓ′ = 0, 1) states. The explicit forms of
the transition potential are given in the momentum space representation. In ref.12,
it is expressed in the coordinate space formulation, so that realistic nuclear wave
functions with short range correlations can be easily handled. The DQ transition
potentials in the coordinate space contain nonlocal terms as a result of the quark
antisymmetrization. It also has terms with a derivative operator acting on the
initial relative coordinate. Thus the general form of the transition potential is
VDQ
ℓℓ′
ss′J
(r, r′) = 〈NN : ℓ′s′J |V (~r′, ~r)|ΛN : ℓsJ〉
= Vloc(r)
δ(r − r′)
r2
+ Vder(r)
δ(r − r′)
r2
∂r + Vnonloc(r, r
′) (3)
where r (r′) denotes the relative radial coordinate of the initial (final) two-baryon
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state, and ∂r stands for the derivative of the initial ΛN relative wave function.
We later combine the direct quark (DQ) and meson exchange (ME) potentials,
giving the total transition potential as
V (r, r′) = VME(r)
δ(r − r′)
r2
+ V DQ(r, r′) (4)
The relative phase between ME and DQ is fixed so that the weak quark hamiltonian
gives the correct amplitude of Λ → Nπ transition.11 Note that the relative phases
among various meson exchange potentials are determined according to the SU(6)w
symmetry.
3 Meson exchange mechanism
The one pion exchange (OPE) process is expected to give a main part of the ΛN →
NN transition potential. The weak πNΛ vertex is parametrized as
Hπw = iGFm2πψN (Aπ +Bπγ5)~τ · ~φπψΛ. (5)
where the coupling constants, Aπ and Bπ, are determined from the Λ→ Nπ decay
amplitudes. As the momentum transfer in this transition is fairly large, the tensor
part plays an important role. As a result, the Λp(3S1) to pn(
3D1) transition be-
comes dominant. This tensor dominance causes the n/p ratio problem, namely, the
observed n/p ratio (≃ 1) can not be explained by the OPE transition.
While the OPE is significant for the long-distance baryon-baryon interaction,
the short range reaction mechanism is also important in ΛN → NN due to the large
energy transfer involved. Within the meson exchange model, a shorter range contri-
butions may come from the exchange of the heavier mesons4,5,6 and multi-correlated
meson.7 In ref. 6 the authors consider the exchange of all the octet pseudoscalar and
vector mesons, π, K, η, ρ, ω, and K∗. While the ΛNπ weak coupling constant is
determined phenomenologically, all the other weak couplings in ref. 6 are only es-
timated theoretically by assuming the SU(6)w symmetry.
5 For the strong vertices,
the coupling constants are taken from the Nijmegen YN potential model D.
As the baryons and mesons have finite size and structure, we consider a form
factor at each meson-baryon vertex. If we assume the same form factor F (q2) both
for the strong and weak vertices, the potential is given as
V (r) =
∫
d3q
(2π)3
eiq·r
q2 + µ2 − q20
O(q)F 2(q2) (6)
where O is a product of vertex operators and coupling constants. A standard choice
of F 2(q2) is the square of the monopole form factor,
F 2DP (q
2) =
(
Λ2DP − µ2
Λ2DP + q
2
)2
(7)
which we call “double pole” (DP) form factor. On the other hand, a simpler form
is often used in literatures,
F 2SP (q
2) =
Λ2SP − µ2
Λ2SP + q
2
(8)
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Figure 1: Potentials for the 3S1 −3 D1, with relative momentum of kr = 1.97fm−1
which we call “single pole” (SP) form factor. The cutoff parameter Λ is chosen for
individual mesons independently. Another type of form factor considered here is
the “Gaussian” (G),
F 2G(q
2) = exp
(
−q
2
Λ2
)
, (9)
which has the advantage of the consistency with the quark structure for the baryon,
if the cutoff parameter is taken according to the size of quark distribution in the
baryon. While the SP and DP form factors give similar effects, the G form factor
behaves differently at short distances. Fig. 1 shows the behaviors of the OPE
potential in the ΛN(3S1) - NN(
3D1) channel at the relative momentum of kr =
1.97fm−1. As can be seen clearly, the amplitude has a node for the G form factor,
while the others do not behave like that. This oscillation suppresses the tensor
transition although the long distance behavior is similar to the “hard” DP form
factor or that without the form factor. We test these three form factors and compare
the results.
We consider the effect of the finite energy transfer q0 in eq. (6). Suppose that the
initial Λ−N pair is at rest, then the energy transfer is given by q0 ≃ (mΛ−mN)/2 ≃
88MeV. Taking this q0 as an average, we introduce the effective mass of the meson,
µ˜i =
√
µ2i − (mΛ −mN )2/4 and make the following replacement,
1
q2 + µ2 − q20
→ 1
q2 + µ˜2
(10)
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This effect leads to measurable changes. For example, the pion mass is reduced by
about 25%, and the range of OPE becomes longer.
4 Decay of Λ in nuclear medium
First we study the Λ decay in nuclear matter in order to investigate our approach
to ΛN → NN without ambiguities from the nuclear structure. It is regarded as
an approximation of decays of heavy hypernuclei. Recent experimental data of the
life-times of heavy hypernuclei indicate that the nonmesonic decay rate of Λ in
heavy hypernuclei is only 20% larger than the free Λ decay rate.15 This saturation
suggests the short-range nature of the ΛN → NN decay.
We assume that nuclear matter is symmetric (Nn = Np) and the Λ is at rest in
it. We employ the plane wave with the short range correlation for the wave function
of both the initial and final states. The correlation function, f(r), proposed in ref.6,
is multiplied to the relative wave functions. For the initial ΛN states, we employ
fi(r) =
(
1− e− r
2
a2
)n
+ br2e−
r
2
c2 (11)
where a = 0.5, b = 0.25, c = 1.28, n = 2, and for the final NN state,
ff (r) = 1− j0(qcr) (12)
where qc = 3.93 fm
−1. The initial state correlation is obtained from a macroscopic
finite nucleus G-matrix calculation, and the final state correlation gives a good
description of nucleon pairs in 4He.
In the present calculation, we only consider the relative L = 0 for the initial
Λ−N system. It has been pointed out by explicit calculation that contributions of
the higher partial waves are of 5% order. The decay rate is given by
ΓNM =
mN
(2π)5µ3
∫ µkF
0
k2k0dk (13)
× 1
4
∑
p,n
(|a|2 + |b|2 + 3|c|2 + 3|d|2 + 3|e|2 + 3|f |2) (14)
where k20 ≡ mN (mΛ −mN ) + k2/2µ and µ ≡ mΛ/(mN +mΛ). The a, b, · · ·, f are
the matrix elements of the transition potential in each channel designated by its
final orbital angular momentum, the initial and final spins.
4.1 Form factors
As the ΛN → NN scattering involves a large momentum transfer, ∼ 400MeV/c,
the amplitudes are rather sensitive to the form factor. Here we study choices of the
form factor for OPE. Table 1 shows the calculated decay rates of Λ in OPE. The
SP form has often been used in literatures.4,2 Ref.4 employed the SP form factor
with Λ2SP = 20m
2
π, or ΛSP ∼ 630MeV. This form factor is based on the dispersion
relation analysis with the semi-pole approximation to the πNN form factor. It
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is a very soft form factor, which cuts off the short-range part rather drastically
and the resulting decay rate becomes small. The tensor transition, Λp(3S1) →
pn(3D1), seems most affected by such form factor. We find that the tensor transition
amplitudes are reduced by a factor two or more by the form factor. Therefore total
decay rate is much reduced.
Table 1: Decay rates of Λ in nuclear matter (in units of ΓΛ = (263 × 10
−12sec)−1) for various
choices of the form factors in OPE.
total Γp Γn Γn/Γp PV/PC
π no-f.f. 2.819 2.571 0.248 0.097 0.358
SP Λπ = 630MeV 1.103 0.989 0.114 0.116 0.408
Λπ = 920MeV 2.332 2.116 0.216 0.102 0.376
DP Λπ = 1300MeV 2.575 2.354 0.221 0.094 0.337
Λπ = 800MeV 1.850 1.702 0.148 0.087 0.282
G Λπ = 680MeV 1.514 1.129 0.386 0.342 0.580
The DP form factor is popular in meson exchange potential models of the
nuclear force. The Bonn potential, for instance, employs the DP with ΛDP (π) =
1300MeV. This form factor is extremely hard so that the short range part of the
meson exchange potential becomes relevant. Lee and Matsuyama carried out an
analysis of the NN → NNπ processes and pointed out 16 that a soft form factor,
such as Λ < 750MeV, is preferable. Recent analysis in the QCD sum rule also
suggests a soft πNN form factor of cutoff Λ ≃ 800[MeV] 17. From the quark
substructure point of view, it is also natural that the cutoff Λ is of order ∼ 1/Rh ∼
400− 500MeV. In Table 1, we find that the soft form factor reduces the decay rates
by about 40%, while the hard one changes only by ≤ 10%.
The G form factor is related to the Gaussian quark wave function of the baryon.
Corresponding to the size parameter b ≃ 0.5fm, we employ ΛG(π) ≃ 680MeV
because the relation between the size and cutoff parameters is Λ =
√
3/b.
The above sensitivity to choice of the form factor is quite annoying because
it is not easy to judge which of the form factors is the right one. It should also
be noted that the weak vertex form factor can be different from the strong one,
although the pole dominance picture of the parity-conserving weak vertex leads
to the identical form factor to the strong one. In the meson exchange potential
models of the nuclear force, there seems a tendency to choose a hard form factor
because the heavy meson exchanges are often important for spin-dependent forces.
On the other hand, the quark model approach to the short range nuclear force
gives significant spin dependencies comparable to the heavy meson exchanges and
therefore the meson exchanges can be cut off rather sharply with a soft form factor.
In the present approach to the weak ΛN → NN interaction, whose short range part
is described by the direct quark mechanism, we thus may follow the quark model
approach to the nuclear force and take the “soft” form factor for OPE potential as
a standard.
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Table 2: Nonmesonic decay rates of Λ in nuclear matter (in units of ΓΛ). The “all” includes pi,
K, η, ρ, ω, and K∗ meson exchanges. The “DP hard (soft)” assumes Λpi = 1300(800) MeV.
total Γp Γn Γn/Γp PV/PC
π DP hard 2.575 2.354 0.221 0.094 0.337
DP soft 1.850 1.702 0.148 0.087 0.282
no-f.f. 2.819 2.571 0.248 0.097 0.358
π+K DP hard 1.099 1.075 0.024 0.022 0.631
DP soft 0.695 0.674 0.021 0.031 0.632
no-f.f. 1.143 1.111 0.032 0.028 0.745
all DP hard 1.672 1.571 0.101 0.064 1.468
DP soft 1.270 1.152 0.117 0.101 1.537
no-f.f. 1.744 1.704 0.040 0.024 2.952
DQ 0.418 0.202 0.216 1.071 6.759
DQ+π DP hard 3.609 2.950 0.658 0.223 0.856
DP soft 2.726 2.202 0.523 0.238 0.896
DQ+π+K DP hard 1.766 1.495 0.271 0.181 1.602
DP soft 1.204 0.998 0.206 0.207 1.954
4.2 Decay rates in nuclear matter
The calculated decay rates of Λ in nuclear matter for several models are listed in
Table 2. We compare the results of the soft DP form factor and those of the hard
DP form factor. One sees that the even the soft-cutoff OPE predicts a total decay
rate much larger than the observed one, about 1.2×ΓΛ, for the heavy hypernuclei.
This is due to the large tensor transition dp, Λp(
3S1)→ pn(3D1), which is allowed
only in the proton-induced decay. This tensor dominance property leads to the
small Γn/Γp and PV/PC ratio.
The kaon exchange contribution reduces Γp by more than factor two. This
mainly comes from the cancelation in the channel dp. At same time, the kaon
exchange contribution reduces Γn. Therefore, the n/p ratio remains small. The
decay is dominated by the J = 1 channels.
When we include η, ρ, ω, and K∗ (“all”) mesons, both the proton and neutron
induced decays increase but the n/p ratio is still small (≃ 0.1). It is interesting to
see that the PV/PC ratio becomes large, when we include heavier mesons.
One sees in Table 2 that the magnitude of DQ itself is small compared to that
of π or π + K. However, the DQ has a large Γn and a large n/p ratio. It is
also shown that the DQ mechanism is dominated by the parity violating channels
and thus produces a large PV/PC ratio. Such charasteristic behaviors of DQ will
distinguish DQ from the other mechanisms.
In DQ+meson exchanges, the pion contribution is again senseitive to the choice
of the form factor. One sees that the softer form factor is more appropriate to
reproduce experimental values of Γp. As the DQ has little contribution to the
tensor channel, Γp is still too large in “DQ + π”. Again, the K exchange reduces
the tensor amplitude and thus Γp is suppressed by a factor 2. However Γn is reduced,
at the same time, which results in the n/p ratio≃ 0.2. This value is still smaller
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than the observed values for the medium and heavy hypernuclei.
Contribution beyond the π and K mesons does not improve the situation. It is
also questionable whether the DQ mechanism and the vector meson exchanges are
independent and can be superposed. The double counting problem for the vector
mesons and DQ contribution in nuclear force is pointed out in ref 18. We thus take
the “DQ + π + K” with the soft π form factor as our present best model for the
nonmesonic Λ decay.
4.3 Decays of light hypernuclei
The same ΛN → NN transition potential has been applied to the study of the
nonmesonic weak decays of light s-shell hypernuclei, 5ΛHe,
4
ΛHe, and
4
ΛH .
12 The
results are summarized in Table 4.3.
Table 3: Nonmesonic decay rates (in units of ΓΛ) of light hypernuclei. The DP (soft) form factor
is used for OPE.
total Γp Γn Γn/Γp
5
ΛHe π 0.740 0.654 0.087 0.133
π +K 0.350 0.331 0.028 0.055
π +K +DQ 0.521 0.435 0.085 0.195
exp. 19 0.41±0.14 0.21±0.07 0.20±0.11 0.93±0.55
exp. 20 0.50±0.07 0.17±0.04 0.33±0.04 1.97±0.67
4
ΛHe π 0.542 0.498 0.044 0.089
π +K 0.252 0.233 0.019 0.082
π +K +DQ 0.309 0.302 0.007 0.024
exp. 20 0.19±0.04 0.15±0.02 0.04±0.02 0.27±0.14
4
ΛH π 0.080 0.022 0.056 2.596
π +K 0.020 0.010 0.010 1.099
π +K +DQ 0.120 0.060 0.059 0.983
exp. 20 0.15±0.13 —– —– —–
We find that the “π + K + DQ” picture gives us a fair agreement with experi-
ment for the total decay rate, while the n/p ratios are still too small. As seen in the
nuclear matter calculation, the main contribution comes from the OPE mechanism,
which produces the large proton-induced rate. Comparing with the experimental
data we find that the proton-induced rate is overestimated in all the pictures, while
the neutron-induced rate is underestimated.
5 π+ decays and ∆I = 3/2 amplitudes
The pionic decay is another interesting decay mode of light hypernuclei. While the
free Λ decays into pπ− or nπ0, the π+ decay requires an assistance of a proton,
i.e., Λ + p → n + n + π+. Some old experimental data suggest that the ratio of
π+ and π− emission from 4ΛHe is about 5%.
21 The most natural explanation of this
process is Λ → nπ0 decay followed by π0p → π+n charge exchange reaction. It
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was evaluated for realistic hypernuclear wave functions and found to explain only
1.2% for the π+/π− ratio.22 Another possibility is to consider Σ+ → π+n decay
after the conversion Λp → Σ+n by the strong interaction such as pion or kaon
exchanges. It was found, however, that the free Σ+ decay which is dominated
by P -wave amplitude, gives at most 0.2% for the π+/π− ratio. Recently, it was
proposed that a two-body process Σ+N → nNπ+ must be important in the 4ΛHe
decay.23 But its microscopic mechanism is not specified.
In order to solve this problem, we have applied the soft-pion technique to the π+
decay of light hypernuclei.24 The soft-pion theorem to the process Λp→ nnπ+(q →
0) reads
lim
q→0
〈nnπ+(q)|HW |Λp〉 = − i√
2fπ
〈nn|[Q−5 , HW ]|Λp〉 (15)
Again, because of
[Q−5 , HW ] = −[I−, HW ] (16)
it discriminates the isospin properties of HW . Similarly to the case of Σ
+ decay, we
see that the ∆I = 1/2 part vanishes as
[I−, HW (∆I = 1/2,∆Iz = −1/2)] = 0 (17)
[I−, HW (∆I = 3/2,∆Iz = −1/2)] =
√
3HW (∆I = 3/2,∆I3 = −3/2) (18)
We then obtain
lim
q→0
〈nnπ+(q)|HW |Λp〉 = i
√
3√
2fπ
〈nn|HW (∆I = 3/2,∆I3 = −3/2)|Λp〉 (19)
Thus we conclude that the soft π+ emission in the Λ decay in hypernuclei is caused
only by the ∆I = 3/2 component of the strangeness changing weak hamiltonian.
In other words, the π+ emission from hypernuclei probes the ∆I = 3/2 transition
of ΛN → NN .
6 Future prospects
The Λ decays iin nuclear medium is a unique reaction as a weak interaction which
involves two baryons. Its study may reveal roles of quark substructures in weak
processes and the mechanism of the ∆I = 1/2 enhancement in nonleptonic weak
decays of strange hadrons. There are many unknowns, such as the weak meson-
baryon coupling constants, the validity of SU(6)w symmetry, the magnitude of
the parity violation, and so on. Both experimental and theoretical efforts may
produce a lot of useful and interesting information in understanding hadronic weak
interactions.
Here we considered the new direct quark (DQ) mechanism for the ΛN → NN
process, which induces decays of hypernuclei. Combining the meson exchange pro-
cesses for a long range part, we find that the “π +K +DQ” mechanism with soft
DP form factor for OPE explains the total decay rates of both light and heavy
hypernuclei rather well. There, however, remains a difficult problem. That is, the
proton-induced decay rate is overestimated and thus we predict a small n/p ratio.
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The ratio is imporoved by the DQ contribution. It is yet too small (≃ 0.2) for
“π+K+DQ”. The experimental values are not completely fixed, but they suggest
≃ 1 for heavy hypernuclei. The situation is similar for 5ΛHe. It is thus urgent and
important to find out what causes this discripancy.
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